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The hurricane's path after landfall (Figure 1a) went north through Galveston Bay and Baytown. The city of Houston-with its economically important ship channelexperienced the less severe western eye wall, the tight circulation with maximum wind speeds around the hurricane's center. The eye's passage was recorded between 3:00 and 4:30 A.M. Central Standard Time (CST; Figures 1a and 1c) . It had maintained its unusually large diameter of 35-40 kilometers in its fi rst hours after landfall.
Characteristics of land-falling hurricanes have been recorded previously [e.g., Lorsolo et al., 2008; Skwira et al., 2005] but not over urban terrain. Data recorded at two elevated meteorological stations in Houston may be able to shed light on why Ike's winds were so devastating.
Hurricane Ike in Urban Houston
Urban surfaces are aerodynamically rougher than most natural surfaces [Roth, 2000] , creating increased friction and shear, including many small-scale wakes from individual structures [Klipp, 2007] . To demonstrate the hurricane's force in the urban environment, meteorological data were used from a Texas A&M University project located at a commercial, lattice-structure communications tower owned by the Houston Yellow Cab company (HYC; 29.789ºN, 95.354ºW, 14 meters above sea level (asl); Figure 1b) , with sensors up to 60 meters above ground level (agl); and from a University of Houston (UH) project located atop the university's northern Moody Towers building (29.718ºN, 95.341ºW, 11 meters asl, 76 meters agl).
At the HYC tower, data were recorded in 10-second intervals and were stored as 1-minute averages and standard deviations; atmospheric pressure data were recorded every 15 minutes. While some sensors were lost, wind data from the top level, installed north of the tower structure, were unaffected. The four lower-level cup anemometers, installed south of the tower, recorded reduced speeds during northerly winds. Rainfall and pressure were recorded at 12 and 2 meters agl.
The UH measurements included 10-second samples of pressure, temperature, humidity, wind speed, and direction. Figure 1c shows pressures and accumulated rainfall, and Figures 1d and 1e show 1-minute mean winds (sustained winds) and 10-minute mean winds at the 60-meter level on the HYC tower ( Figure 1d ) and at 76 meters agl on the UH tower mast, respectively. Maximum sustained wind speeds exceeded 30 meters per second (67 miles per hour (mph)) when the eye of the hurricane was located east of the HYC site. Peak 10-second gusts were estimated to have ranged from 34 to 36 meters per second (80 mph). Maximum rain rates in the hurricane's inner rainbands were 40 milli meters per hour, with peak values of 1.25 millimeters per minute. The lowest pressure, 960 milli bars, was recorded slightly later at the HYC than at the UH site, as expected from the hurricane's northerly path (Figure 1a) . Maximum sustained wind speeds of 32 meters per second (72 mph) were recorded at the UH site, with peak 10-second gusts exceeding 38 meters per second (85 mph), on the southwest side of the eye with winds advecting over relatively fl at terrain toward the building.
Wind Damage and Turbulence
Wind damage to structures arises from static and dynamic, or gust, wind loads [Plate and Kiefer, 2001] . Because of frictioninduced gustiness, the wind damage potential is likely larger to trees in an urban environment than to those in undisturbed forests. Measurements and modeling of wind damage potential to remaining trees in logged forests [e.g., Ancelin et al., 2004; Panferov and Sogachev, 2008; Zeng et al., 2009] have shown that aside from the static wind load (proportional to the sustained wind speed squared), dynamic wind load due to turbulence can be critical. Turbulent kinetic energy (TKE) in hurricanes is dominated by shear production, proportional to the square of the friction velocity (u* 2 ). The effect of TKE on wind loads grows much more rapidly with wind speed than with static load [Panferov and Sogachev, 2008] .
Unique Meteorological Data During Hurricane Ike's Passage Over Houston
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Figures 1f-1h show along-wind and crosswind turbulence intensities at both sites, as well as u* 2 and TKE from wind gradient and sonic anemometer data at the HYC tower. The observed turbulence intensities increased only slightly during the hurricane. Yet large increases occurred at both the UH and HYC sites when major buildings upstream of the sites affected the fl ow: at the UH site for south winds due to the wake from the southern Moody Tower (Figures 1f  and 1g) , and at the HYC site for northnorthwesterly winds (Figure 1g ) due to a change in surface roughness caused by several large warehouses. Note also that crosswind turbulence plunged at both sites when the edge of the eye came closest.
The TKE-u* 2 development during the hurricane's approach (Figure 1h) suggests maximum friction velocities between 2.5 and 3 meters per second in the eye wall. It appears likely that the dynamic wind loads under these extreme turbulence conditions-especially as affected by building wakes-produced most of the widespread damage, including the highly publicized damage to windows at the downtown JPMorgan Chase tower between 2:00 and 3:00 A.M. CST. The impact of future hurricanes may be reduced if tree trimming ordinances are enforced and new treeplanting sites are carefully chosen.
